Abstract: Nemo-like kinase (NLK) is an evolutionarily conserved serine/threonine kinase and has been considered to be a suppressor of Wnt signaling in mammalian cells. Our study, however, has raised the possibility that NLK also functions as a Wnt signaling activator. In human osteosarcoma and neuroblastoma cell lines, NLK specifically enhanced β-catenin-TCF complex transcription activity. The effect required kinase activity of NLK and co-expression of the β-catenin ∆N (constitutive active mutant of β-catenin). The nuclear localization of Lymphoid enhancer factor 1 (LEF1) and β-catenin ∆N was not altered by NLK overexpression regardless of its effect on β-catenin-TCF complex activity. Reporter analysis using LEF1 mutants at known NLK target sites indicated that NLK may have different activation targets for β-catenin-TCF complex. Mutations in the potential NLK phosphorylation sites in β-catenin did not change its transcription activity either. Our results suggest that NLK positively regulates Wnt/β-catenin signaling in a cell type dependent manner through an unidentified mechanism.
Introduction
Wnt signaling is an evolutionarily conserved developmental signal transduction pathway and is known to be involved in human carcinogenesis.
1)-3)
Activation of the Wnt signaling pathway results in the stabilization of cytoplasmic β-catenin which then enters the nucleus. Nuclear β-catenin binds to the T-cell factor (TCF) family member transcription factors and activates downstream target genes (http://www.stanford.edu/˜rnusse/wntwindow.html). The genes encoding Wnt signaling regulators, such as APC, β-catenin and axin, are mutated in many human cancers, especially colon and liver cancers.
4), 5)
Mutants in the Wnt signaling pathway are known to induce defects of the anterior-posterior cell fate determination in the Caenorhabditis elegans de-velopment.
6)-8) For instance, a defect in MOM-2, a worm homolog of Frizzled, causes loss of intestinal cells and increase of pharyngeal cells, by losing posterior cell fate that induces intestinal cells at division of EMS cell. 7), 8) A locus named lit-1 (loss of intestine) has been previously reported to be a critical mediator of anterior-posterior cell fate determination. 9) Genetic studies on C. elegans revealed that lit-1 encodes a protein kinase 10) , 11) that is a critical mediator of Wnt signaling.
11) A mammalian homolog of lit-1 is Nemo-like kinase (NLK), which is related to the mitogen-activated protein kinase (MAPK).
12)
NLK is also the homolog of a Drosophila gene, Nmo, a mutant inducing defects in the epithelial planar polarity of the fly's omatidia alignment.
13)
A worm TCF homolog, POP-1, was initially considered to be a suppressor of Wnt signaling because a pop-1 mutant caused excessive proliferation of intestinal cells, a phenotype opposite to the one associated with Wnt defects in studies of C. elegans. 14) , 15) 
21)
Accumulation of evidence has led a different idea for function of the kinase: a TCF activator. It is noteworthy that TCF has a biphasic role in Wnt signaling; it plays a positive role when the signaling is activated and a suppressive role when the signaling is suppressed. 27) Some of the reported mutant phenotypes in Drosophila Nmo 18) are not compatible with the proposition that NLK is a suppressor of Wnt signaling. 26) In mice, genetic disruption of NLK caused severe lymphocyte reduction, especially of the B-cell lineage.
28) Interestingly, the genetic disruption of a TCF homolog, lymphoid enhancer factor 1 (LEF1), caused severe reduction of the B220+ cell lineage in mice, 29) suggesting that both NLK and LEF1 act collaboratively in the same signaling pathway concerning B-cell proliferation.
In this study, we found that NLK activates pTOPFLASH, a specific reporter plasmid of β-catenin-TCF transcription activity with repeats of TCF binding sites in the promoter sequence of the luciferase gene, in osteosarcoma (SaOS-2) and neuroblastoma (NB39-nu, and Nh12) cell lines. This increase of transcription activity of β-catenin-TCF complex was dependent on NLK kinase activity. Our results suggest that NLK can be a positive regulator of the Wnt signaling pathway in certain mammalian cell types.
Materials and methods
Plasmids. Details of the plasmids' construction are available upon request. The plasmids pCMV-Flag-NLK, pCMV-Flag-NLK K155M were kindly provided by Dr. Kunihiro Matsumoto. The inserts of pCMV-Flag-NLK and pCMV-Flag-NLK K155M were amplified by PCR and subcloned to the Bam HI and Not I sites of pcDNA3 to construct pcDNA3-NLK-S and pcDNA3-NLK-S KD (a kinase negative mutant of NLK-S) respectively. The amplified nucleotide sequence of mouse NLK (Genbank accession number: NM 008702) was from nucleotide 488 to the stop codon. To obtain the flanking sequence of the initiation methionine for the construction of NLK-L expression vectors, we amplified mouse NLK fragment of cDNA from the mouse CG cell (kind gift from Dr. Issay Kitabayashi). The amplified cDNA was cloned into pcDNA3 to construct pcDNA3-NLK-L: the insert was from nucleotide 235 (NM 008702) to the stop codon. The kinase-negative form of the full-length NLK expression vector was constructed employing an "overlapping PCR" technique, using pcDNA3-NLK-L and pCMV-Flag-NLK K155M as templates. The insert of pGEXhLEF1 30) was amplified by PCR and subcloned into pcDNA3 at EcoR I and Not I sites to construct pcDNA3-HA-LEF1. pcDNA3-HA-LEF1T155A, S166A, 155/166AA, S132TSAA and TSAAS200A were produced using the Quikchange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The β-catenin expression plasmid pcDNA3-MYC-β-catenin ∆N was a kind gift from Drs. Osamu Tetsu and Frank McCormick.
31) pcDNA3-MYC-β-catenin ∆NS191A, ∆NS246A, and ∆NS605A were produced using the Quikchange site-directed mutagenesis kit. pRL-tk (Promega, Madison, WI), pFOPFLASH and pTOPFLASH (Upstate, Syracuse, NY) were purchased. pCR3.1 p53, pWWP-luc, and pNF-κB-luc were described previously.
32)
Cell lines, cell culture, transfection and luciferase assays. We used following cell lines: 293 cell (human kidney: epithelial), SaOS-2 (human osteosarcoma), Nh12 (human neuroblastoma), and NB39-nu (human neuroblastoma).
For luciferase assays, 293 and SaOS-2 cells were cultured with Dulbecco's modified Eagle medium supplemented with 10% Fetal Bovine Serum (Sigma), penicillin (100 units/ml), streptomycin (0.1 mg/ml) and glutamine (0.29 mg/ml) (PenicillinStreptomycin-Glutamine liquid, Invitrogen) in 24-well plates. Cells at 80% confluence were subjected to transfection with Lipofectamine 2000 (Invitrogen), following the manufacturer's instructions with modifications. Neuroblastoma (Nh12 and NB39-nu) cells were cultured with RPMI1640 medium supplemented with 10% Fetal Bovine Serum, penicillin (100 units/ml), streptomycin (0.1 mg/ml) and glutamine (0.29 mg/ml), and OPI media supplement (Sigma) in 24-well plates. The neuroblastoma cell lines were transfected by the use of a fast forward method. Briefly, the DNA (0.6-1.2 µg/well) and Lipofectamine 2000 (1 µl/well) were mixed together and incubated at room temperature for 15 minutes. Cells were then trypsinized, suspended in culture medium, and placed onto a 24-well plate and the DNA-lipofectamine was added to the cell suspension. Transfected cells were incubated in a CO 2 incubator for 24 to 36 hours and subjected to further analysis.
Luciferase activity was analyzed using the dualluciferase assay system (Promega). 50 ng of pRL-tk, 0.1 µg of luciferase reporter plasmids, and effector plasmids were mixed with Lipofectamine 2000 and placed in 24-well plates. The total amount of plasmid DNA per well was adjusted by adding pcDNA3. After 24 hours of transfection, the cells were lyzed with a passive lysis buffer (Promega), following the manufacturer's instructions. Each experiment was performed at least twice in triplicate. Luminescence was assayed with a VERITAS luminomator (Turner bioscience, USA).
Antibodies and immunofluorescence analysis. Antibodies to the Hemagglutinin (HA) epitope tag (mouse: 12CA5, rat: 3F10, F. Hoffmann-La Roche, Basel, Switzerland) and Myc (9E10: SantaCruz Biotechnology, Santa-Cruz, CA) were used.
Cultured cells were grown on 25 mm diameter collagen-coated glass coverslips (Iwaki, Tokyo, Japan) placed on 6-well plate wells. Cells on coverslips were washed and fixed with 4% paraformaldehyde in PBS on ice for 10 minutes, followed by permeabilization with 100% methanol at −20
• C for 10 minutes. To perform indirect immunofluorescence, cells were incubated with primary antibodies in 50 mM Tris-Cl (pH 7.4), 150 mM sodium chloride, 4% (weight/volume) bovine serum albumin (F. Hoffmann-La Roche) overnight at 4
• C, followed by secondary antibodies (Alexa flore-488 and 655, Molecular Probes, Eugene, OR). Nuclei were visualized with DAPI in Vectashield (Vector laboratory, Burlingame, CA). The fluorescence microscopy system (Olympus, Tokyo, Japan) was used for generation of fluorescent images.
Results
NLK enhances the transcription activity of the β-catenin-TCF complex in osteosarcoma and neuroblastoma cell lines. It has been previously suggested that mouse NLK may have a shorter isoform, translated from an alternative initiation codon at the 72nd amino acid from the Nterminal end. 33) We generated mammalian NLK expression vectors to examine whether the shorter NLK isoform can have different function from full-length protein. Figure 1 shows a schematic diagram of the expression vectors used in this study. We designed to express Flag-NLK, the full-length NLK without a tag sequence (named NLK-L), and the shorter NLK isoform (named NLK-S). The native NLK mRNA sequences flanking each potential initiation codon were used as leader sequences for translation in mammalian cells (see Materials and methods).
We tested whether NLK isoforms can suppress the transcription activity of β-catenin ∆N (constitutive active mutant β-catenin 31) ) by the use of pTOPFLASH, a specific reporter for Wnt/β-catenin signaling, in 293 and SaOS-2 cells. In 293 cells, Flag-NLK suppressed reporter gene expression, a finding in agreement with previous reports.
17), 34) NLK-S also suppressed the reporter gene expression but to a lesser degree ( Fig. 2A) . Unexpectedly, NLK showed apparent induction of the reporter gene expression in SaOS-2 cells, suggesting that NLK enhances β-catenin-TCF transcription ( Fig. 2A) . We then examined whether NLK can activate the pTOPFLASH reporter gene expression without β-catenin ∆N, in which case we would hypothesize that NLK may be able to activate endogenous β-catenin or may activate pTOPFLASH through another pathway. Both Flag-NLK and NLK-S failed to activate pTOPFLASH without β-catenin ∆N in SaOS-2 cells, indicating that NLK activates Wnt/β-catenin signaling through the β-catenin-TCF complex (Fig. 2B, left panel) . The kinase-negative NLK mutants did not enhance the reporter gene expression (Fig. 2B, middle panel) , thus showing that the enhancement of expression by NLK is kinasedependent. In addition, NLK-L could also induce pTOPFLASH expression in SaOS-2 cells in kinase-dependent manner (Fig. 2B, middle panel) . Therefore, all NLK isoforms, regardless of their N-terminal sequences, enhanced β-catenin-TCF complex activity in SaOS-2 cells ( Fig. 2A and B) . Reporter gene analysis with pFOPFLASH, a negative control reporter for pTOPFLASH with mutant TCF/LEF binding sites, showed no activation, also indicating that NLK activates β-catenin-TCF transcription (Fig. 2B, right panel) . Similarly, overexpression of NLK caused activation of the pTOPFLASH in Nh12 and NB39-nu neuroblastoma cell lines in a kinasedependent manner (Fig. 2C) .
Enhancement of transcription activity by NLK was specific to the β-catenin-TCF complex in osteosarcoma cells. We subsequently sought to examine whether the NLK short isoform could activate transcription factors other than the β-catenin-TCF complex. For this, we tested the endogenous activity of NF-κB and co-expressed p53 (expression vector: pCR3.1 p53) with overexpressed NLK-S and its kinase-negative mutants in SaOS-2 cells, using the pNF-κB-luc and pWWP-luc reporter genes respectively. NLK-S slightly reduced the expression of both reporters (Fig. 3) . This moderate suppression of transcription factors has also been observed previously for Flag-NLK.
32) Taken together, these results suggest that NLK is a specific activator of β-catenin-TCF complex in osteosarcoma and neuroblastoma cells. 
NLK does not change the nuclear localization of LEF1 in either 293 cells or SaOS-2 cells.
It is known that the transcription activity of the worm TCF homolog POP-1 is regulated through its subcellular localization.
14), 15), 35), 36) When the Wnt signaling is activated, the nuclear concentration of POP-1 is reduced and remaining nuclear POP-1 binds to β-catenin homologs and mediates the signal.
35), 36) If the same mechanism in C. elegans occurred in some mammalian cells such as SaOS-2, NLK would reduce the nuclear localization of the TCF/LEF transcription factors for activation of Wnt signaling. It is an interesting question if NLK could differently regulate the localization of TCF between 293 cells and SaOS-2 cells. On the other hand, β-catenin ∆N usually accumulates in the nucleus to activate target genes. To examine whether subcellular localization of β-catenin ∆N is differently regulated by NLK depending on the cell type, Hemagglutinin (HA) tagged LEF1 (a member of the TCF transcription factor family) and β-catenin ∆N were co-expressed with NLK in either 293 or SaOS-2 cells. Co-expression with NLK did not alter the nuclear localization of either LEF1 or β-catenin ∆N in either 293 or SaOS-2 cells (Fig. 4A and B, respectively) .
Activation of β-catenin-TCF by NLK is not mediated by phosphorylation of the conserved Threonine 155 and Serine 166 sites in LEF1. It has been shown that TCF is the target molecule of phosphorylation by NLK for the suppression of β-catenin-TCF complex activity. Moreover, it was shown that the phosphorylation sites were evolutionarily conserved between worm POP-1 and its mammalian homolog TCF/LEF. 17), 34) These sites are matched to the consensus target phosphorylation sites of the MAPK superfamily (-X-S/T-P-X-). 37) It is an open question whether NLK phosphorylates the same LEF1 sites in order to activate and suppress its transcription activity. To examine this issue, we constructed HA-LEF1 T155A, S166A, and 155/166AA mutants and used a luciferase assay with pTOPFLASH as a reporter. Since preliminary experiments revealed that HA-LEF1, co-transfected with β-catenin ∆N, enhanced pTOPFLASH reporter gene expression in NB39-nu neuroblastoma cells but not in other cells (data not shown), we used this cell line to examine the effect of LEF1 mutants. Overexpression of the LEF1 mutants, T155A, S166A and 155/166AA, could induce pTOPFLASH reporter gene expression (Fig. 5A) . The activation of β-catenin-LEF1 complex by NLK was specific to pTOPFLASH, as the pFOPFLASH reporter was not activated (Fig. 5A) . The transcription activity of the 155/166AA double mutant was very similar to that of wild-type LEF1 even when NLK was co-expressed (Fig. 5A) . Furthermore, additional mutations in other potential phosphorylation sites (S132A/T155A/S166A triple mutant as S132TSAA and T155A/S166A/S200A triple mutant as TSAAS200A) also did not affect pTOPFLASH activity with NLK and β-catenin ∆N co-expression (Fig. 5B) . The NLK kinase-negative mutant failed to activate the pTOPFLASH reporter gene expression when co-expressed with β-catenin ∆N and LEF1 mutants (Fig. 5B) . These results indicated that the conserved phosphorylation sites in TCF/LEF would not be the target for transcription activation by NLK.
β-catenin phosphorylation site mutations do not affect its transcription activation by NLK. In C. elegans, LIT-1, an NLK homolog, can phosphorylate not only a TCF homolog, POP-1, but also a β-catenin homolog, WRM-1.
11) It is therefore possible that NLK phosphorylates β-catenin to activate β-catenin-TCF transcription. To address this question, we constructed expression vectors for β-catenin ∆N mutated at potential phosphorylation sites by NLK (∆NS191A, ∆NS246A, and ∆NS605A). Figure 6 shows that mutational status of β-catenin ∆N at the phosphorylation sites did not alter its transcription activity by NLK overexpression in SaOS-2 cells.
Discussion
The present study revealed a new function of NLK in Wnt signaling: activation of β-catenin-TCF complex transcription activity. NLK enhanced pTOPFLASH transcription activity in osteosarcoma and neuroblastoma cells. This enhancement of transcription activity by NLK is dependent of coexpression of β-catenin. We also found that the NLK kinase activity is essential for the enhancement of the β-catenin-TCF complex transcription activity. Nuclear localization of the LEF1 and β-catenin ∆N was not altered by the co-expression of NLK in either epithelial (293) or osteosarcoma cells. Finally, we showed that the mutational status of certain potential phosphorylation sites of β-catenin and LEF1 did not alter their transcription activity by NLK overexpression. Our finding that NLK activates pTOPFLASH reporter with β-catenin ∆N may appear to contradict previous studies, including our own, 17), 30), 34), 38) which proposed NLK as a suppressor of β-catenin-TCF transcription activity. Even in the present study, however, NLK isoforms suppressed pTOPFLASH reporter to some degree in 293 cells. Thus, the effect of mammalian NLK on Wnt signaling seems to depend on the cell type; NLK plays some suppressive role in Wnt signaling in 293 17) and DLD-1 cell lines 30) and a positive role in SaOS-2, NB39-nu and Nh12 cell lines (the present study). This cell type specificity may explain the complexity of the phenotypes in genetically disrupted model organisms.
18), 26), 28) It is unclear, however, whether NLK plays any positive role for β-catenin-TCF transcription activity in normal mammalian development. The molecular mechanism of this differential activity of NLK among cell lines is also an open question. One important aspect in this issue is that the cell types in which NLK plays a suppressive role are epithelial origin (293 and DLD-1). Some factors specific to the epithelial differentiation may induce suppressive outcome by NLK in Wnt/β-catenin signaling in these cell lines. It may also need to consider the possibility that NLK need other factors for activation of β-catenin-TCF complex and 293 cells lacks such factors (see following text).
How does NLK enhance the transcription activity of β-catenin -TCF transcription activity in SaOS-2 and neuroblastoma cell lines? The activation mech-anism of β-catenin-TCF complex by NLK may be different from that of POP-1 by LIT-1 in C. elegans since NLK overexpression did not alter the nuclear localization of β-catenin or LEF1. Our results clearly indicate that activation of the β-catenin-TCF transcription activity by NLK depends on its kinase activity. Moreover, activation of the reporter gene expression by NLK is specific to the β-catenin-TCF complex in these cell lines (see Figs. 2 and 3) . It is reasonable to assume that either β-catenin or TCF or both should be the NLK substrates. Ishitani et al. suggested that DNA binding of LEF1 decreased with its phosphorylation at threonine 155 and serine 166 by overexpression of NLK.
17), 34) In C. elegans, the phosphorylation sites in POP-1 by LIT-1 were identified and these sites did not correspond to the target sites in LEF1 by NLK.
16) It is quite possible that the NLK target sites for activation in the β-catenin-TCF complex are not conventional MAP kinase target sites. Alternatively, NLK may be an upstream kinase for yet unidentified kinases that phosphorylate the β-catenin-TCF complex at different sites. Identification of the NLK targets for activation of β-catenin-TCF complex will provide an important clue to understanding the regulatory mechanism of cell growth and differentiation.
